Abstract. We present the first real-time system for the estimation of global biomass burning emissions from several different satellite-based fire radiative power (FRP) observations. The FRP products from the MODIS and SEVIRI instruments on Aqua, Terra, and Meteosat-9 are combined by averaging all pixels with fire detection or just the potential of fire detection on a global grid with ∼125 km resolution. The total observed area per grid cell is used as a proxy for the accuracy of the estimation. Thus the different observations can be merged consistently and the advantage the high temporal sampling frequency of the geostationary observation is maintained while almost global coverage is achieved with the polar orbiting platforms. The system is being tested and validation is ongoing. As a first trial application, daily pyrogenic carbon monoxide emissions are used in the European GEMS project to produce 3-day forecasts of the carbon monoxide plumes emitted by biomass burning. Some potential improvements of the method are discussed.
INTRODUCTION
Modelling of the atmospheric composition requires accurate knowledge of surface fluxes as lower boundary condition. The smoke emission by biomass burning needs to be described based on actual fire observations because it is highly variable on all time scales from hours to decades. Only real time satellite-based observations of active fires, as opposed to burnt area, can yield the information required for global-scale smoke plume forecasts. Fire Radiative Power (FRP) is a quantitative product that is derived from observations of the thermal emission near 4 µm wavelength. FRP promises superior accuracy to traditional hot-spot products since it is directly proportional to the combustion rate so that assumptions on available fuel load and combustion completeness are not required. [1] Two satellite-based FRP products are currently available in real time: The MOD14 product [2, 3] is generated from MODIS observations with 1 km spatial resolution at the sub-satellite point. The MOD03 product provides the complete geolocation information for the MOD14 product. Two MODIS instruments operate aboard the polar orbiting Terra and Aqua satellites. Whenever MODIS is mentioned below it shall refer to the observation system comprising both instruments. MODIS has the advantage of global coverage. The observation frequency can, however, be as low as one per several days due to cloud cover.
The FRPPIXEL product [1, 4, 5] is generated from SEVIRI observations aboard the geostationary satellite Meteosat-9 by the EUMETSAT LandSAF (http://landsaf.meteo.pt). The spatial resolution at sub-satellite point is 3 km. Observations are recorded every 15 minutes. This allows for the observation of the diurnal cycle of fires and provides redundancy to compensate for temporary cloud cover.
We acquire both FRP products to produce global FRP and associated accuracy maps. Subsequently, daily emission rate maps are derived for several species. In a test application, carbon monoxide emissions are used to produce atmospheric fire plume forecasts for the next 3 days.
METHOD
In order to derive FRP maps, the observational FRP products are first transformed from MW/pixel to W/m 2 . Next, the observations in each grid cell and within each 1-hour slot are averaged with weights proportional to their respective pixel sizes. All pixels with actual fire detections, i.e. FRP > 0, and potential fire detections, i.e. FRP = 0, are combined into a single map of the global FRP distribution. This roughy comprises all cloud-, snow-, and ice-free land pixels. The procedure accounts for partial cloud cover in a grid cell by implicitly assuming the same distribution of fires in the cloud-obscured and cloud-free parts. It also allows to ingest multiple observations of an individual fire. Multiple observations within one hour are caused by the high observation frequency of SEVIRI and the "bow-tie" effect of the MODIS scan and they carry additional information. The observation pixel sizes are aggregated in a separate map, which represents the observed area per grid cell.
In the third step, the FRP maps from MODIS and SEVIRI are averaged with weights proportional to their respective observed area maps. The two observed area maps are added to yield the total observed area.
A global daily FRP map is obtained by averaging the 24 hourly FRP maps, again with weights proportional to their respective observed areas. The sum of the 24 observed area maps yields a measure for the accuracy of the daily FRP map.
The biomass combustion rate [kg/s/m 2 ] is calculated by scaling FRP [W/m 2 ] with a factor 0.368 × 10 −6 [1] . Individual species emission rates are subsequently derived by geographically dependent scaling with the emission factors used in GFEDv2 [6] .
For the pyrogenic carbon monoxide plume forecast, the global GEMS reactive gas model [7] is run for 72 hours into the future. The CO field is initialised from the previous day's 24 hour forecast, the meteorology is initialised from the operational ECMWF analysis, and the fire CO emission rate is derived from the observed average FRP of the previous 24 hours. Atmospheric CO is assumed to decay with a time constant of 50 days.
All calculations are based on an irregular grid with ∼125 km resolution, i.e. reduced Gaussian T159.
RESULTS
The exemplary MODIS observed area during one hour, which is shown in Fig. 1a , exhibits one satellite track passing over South America and the US east coast and another over Mexico, the US, Russia and southward to the Himalaya. Larger values for off-nadir areas are due to the "bow tie" effect of the MODIS scan. The SEVIRI observations are obviously geographically limited to Africa, eastern South America, southern and middle Europe, and the Arabian peninsula and a bit eastwards (Fig. 1b) . They exhibit larger observed area values than the MODIS ones since four measurements are recorded every hour. Both products are limited to cloud-, snow-and ice-free land areas on which a large enough fire can be detected. The observed area accumulated from all instruments during one day (Fig. 1c) reflects both the high observation frequency of SEVIRI and the almost global coverage of the MODIS instruments. Only a few small regions remain unobserved. The SEVIRI disk is mostly well covered except for Central Africa, where persistent cloud cover inhibits accurate fire observations in a small area.
The FRP observed by MODIS and SEVIRI during the the exemplary hour slot (Fig. 1d /e) seems to exhibit similar patterns in the overlap region in South America. Generally, the product complementarity is evident. The daily average FRP map (Fig. 1f) captures boreal forest fires in Canada and Eastern Siberia, fires in California and Southern Europe, and tropical fires in Southern Africa and South America. The daily accumulated observations (Fig. 1c) typically amount to an observed area per grid cell of ∼ 10 12 m 2 in Africa, while MODIS alone achieves values of ∼ 10 11 m 2 in other tropical regions. Therefore, where SEVIRI observations are available, the combined FRP estimate (Fig. 1f) is dominated by the SEVIRI observations with a weight ratio of typically 10 / 1.
Preliminary forecasts of atmospheric carbon monoxide plumes from biomass burning are published on the GEMS web site http://gems.ecmwf.int. A forecast for the 700 hPa pressure level with 48 hours lead time is reproduced in Fig. 2 . The plumes from the African and Canadian fires are dominating and those of the Californian and South American fires are also well visible. The plume structure in the Arctic originates from transport of carbon monoxide that had been emitted during the preceding weeks, mostly in Siberia.
DISCUSSION
We are running the first real-time system for the global estimation of biomass burning emissions from FRP measurements by several different satellite-based instruments. In each grid cell, the observed area is interpreted as a measure for the accuracy of the FRP product. Thus FRP products with different measurement characteristics can be merged in a consistent way. By including observations of no fire being present, i.e. FRP = 0, in the algorithm, ad hoc assumptions on the lifetime of the detected fires can be avoided. If the fire distribution within a grid cell is homogeneous, including FRP = 0 observations also avoids a bias being introducing by the incomplete observation of partially cloudy grid cells.
Only a small fraction of the grid cells remains unobserved during one day when FRP products from SEVIRI and the two MODIS instruments are combined. This may lead to a small underestimation of the global FRP. Additional bias may be introduced because of the diurnal cycle in regions that are not covered by the frequent SEVIRI observations. If the FRPPIXEL approach can be extended to other geostationary instruments this uncertainty could be reduced.
The new system still needs extended validation. Ongoing work also aims at the implementation of a fire assimilation system based on the hourly averaged FRP observations presented here. The assimilation system shall produce estimates for the fire emission with a temporal resolution of one hour by bridging observation gaps with a numerical model of the fire's diurnal cycle.
